A template-bound RNA polymerase was isolated from Nicotiana clevelandii plants infected with red clover necrotic mosaic dianthovirus (RCNMV) by differential centrifugation, solubilization with dodecyl //-D-maltopyranoside, and chromatography on columns of Sephacryl S-400 and Q-Sepharose. Analysis of the purified polymerase by SDS--polyacrylamide gel electrophoresis, followed by silver staining or immunoblotting, showed that it contained virus-encoded proteins of molecular masses 27 kDa and 88 kDa together with several minor proteins possibly of host origin. After removal of endogenous RNA with micrococcal nuclease, the polymerase became template-dependent. It was also template-specific, being able to utilize as templates RNA of two strains of RCNMV, but not RNAs of three viruses in different taxonomic groups, namely cucumber mosaic cucumovirus, tomato bushy stunt tombusvirus and tomato mosaic tobamovirus. The products of RNA polymerase reactions were double-stranded RNAs corresponding to RCNMV RNAs 1 and 2. The ability of the template-dependent RNA polymerase to synthesize RNA was completely inhibited by antibodies to a peptide containing the GDD motif, whereas the activity of the template-bound enzyme was unaffected by these antibodies.
Introduction
The replication of a positive-strand RNA virus takes place in two stages: (a) synthesis of a negative-strand RNA using the parental genomic positive-strand RNA as a template and (b) synthesis of progeny positivestrand RNA using the negative-strand RNA as a template. Synthesis of the negative-strand and positivestrand RNAs from the nucleoside triphosphate substrates is catalysed by a virus-encoded RNA-dependent RNA polymerase (RdRp). Three supergroups of RdRps of positive-strand RNA viruses have been proposed, based on sequence similarities of conserved amino acid motifs (Koonin, 1991) : I, picorna-, noda, como-, nepo-, poty-, byrno, sobemoviruses and a subset of luteoviruses; II, carmo-, necro-, tombus-, dianthoviruses and another subset of luteoviruses, pestiviruses, hepatitis C virus, flaviviruses and positive-strand RNA bacteriophages; III, tobamo-, tobra-, hordei, alfamo-, bromo, cucumo-, alpha-, rubi-, furo-, potex-, carla-, tymoviruses and * Author for correspondence. Fax +44 171 584 2056. e-mail k. buck@ic, ac. uk I" Present address: Marie Curie Research Institute, The Chart, Oxted, Surrey RH8 0TL, UK.
.~ Present address: Department of Biochemistry, Imperial College of Science, Technology and Medicine, London SW7 2AY, UK. hepatitis E virus. RdRps have been isolated from cells infected with viruses in supergroup I, e.g. polio enterovirus (Hey et al., 1987) , black beetle and flockhouse nodavirus (Saunders & Kaesberg, 1985; Wu & Kaesberg, 1991) and supergroup III, e.g. alfalfa mosaic alfamovirus (Houwing & Jaspars, 1986; , brome mosaic bromovirus (Quadt & Jaspars, 1990; Quadt et al.. 1993) , cucumber mosaic cucumovirus (Hayes & Buck, 1990; and turnip yellow mosaic tymovirus (Candresse et al., 1986) . In supergroup II the bacteriophage QI3 RdRp is well characterized (Blumenthal & Carmichael, 1979 ) and a turnip crinkle virus RdRp which can transcribe added satellite and subviral RNA templates has been reported (Song & Simon, 1994) . However, no RdRps of plant viruses in this supergroup, capable of transcribing added full-length virus genomic RNA templates, have hitherto been described.
Red clover necrotic mosaic dianthovirus (RCNMV) is a positive-strand RNA virus whose putative RdRp has been placed in supergroup II (Koonin, 1991) . It has a genome of two RNA components, both of which are required for systemic infection of plants, although RNA 1 can replicate alone in protoplasts (Lommel et al., 1988; Xiong & Lommel, 1989; Osman & Buck, 1987; PajeManelo & Lommel, 1989) . RNA 1 (3-9 kb) contains open reading frames (ORFs 1, 2 and 3) with the potential to encode proteins (the 27K, 57K and 37K proteins) of M r 27 000, 57 000 and 37 000 (the capsid protein) respectively, whereas RNA 2 (1.4 kb) encodes a single protein (the 35K protein) of Mr 35000 (the cell-to-cell movement protein). Of these four proteins, only the coat protein and movement protein (Osman & Buck, 1991) 
Methods
Preparation of virus and virus RNA. RCNMV Australian strain (Lommel et al., 1988; Xiong & Lommel, 1989) and strain TpM-34 (Musil, 1969) were propagated, and virus particles and virus RNA were isolated and purified as described previously (Osman et al., 1986) . All experiments were carried out with the Australian strain unless otherwise stated.
DNA manipulations. Production of cDNA and amplification by RT PCR, DNA cloning, analysis by agarose gel electrophoresis and nucleotide sequencing for verification of constructs were as described by Sambrook et al. (1989) .
Protein analysis. SDS-polyacrylamide gel electrophoresis was as described by Laemmli (1970) . Gels were stained using the Bio-Rad silver staining kit. Marker proteins were supplied by Bio-Rad and Sigma. For immunoblotting, proteins were transferred onto Hybond C membrane (Amersham), followed by probing with antisera using the Renaissance chemiluminescence detection kit as described by the manufacturer (Dupont).
Isolation and purification of RCNMV RNA polymerase. Leaves of young Nicotiana clevelandii plants were inoculated with RCNMV and 5 days later the infected leaves (200 g) were homogenized in a blender at 4 °C in 400 ml of buffer A (50 mM-Tris-HCl pH 7.4, 15 mM-MgCI~, 10 mM-KCI, 0.1% fl-mercaptoethanol, 1 pM-pepstatin, 0.1 mM-phenylmethylsulphonyl fluoride, 20 %, v/v, glycerol). The homogenate was filtered through muslin and the filtrate was centrifuged at 3000 g for 15 min at 4 °C. The supernatant was then centrifuged at 35000 g for 30 rain at 4 °C. The pellet was resuspended in buffer B (50 m~-Tris-HCl pH 8.2, 10 mM-MgC12, 1 mM-dithiothreitol, 1 ~tM-leupeptin, 1 ~tM-pepstatin) at a protein concentration (measured with the Bradford reagent) of 10 mg/ml. This crude membrane-bound RNA polymerase preparation was stored in 1 ml aliquots at -70 °C.
To solubilize the membrane-bound RNA polymerase, dodecyl fl-Dmaltopyranoside (10%, w/v, in buffer B) was added to a final concentration of 1% with gentle mixing. The mixture was incubated at 0 °C for 1 h and then centrifuged for 1 h at 100000 g. The supernatant contained about 80 % of the RNA polymerase activity. For further purification, 4 ml of solubilized RNA polymerase was applied to a Sephacryl S-400 (Pharmacia) size exclusion column (43 × 1.5 cm) and eluted with buffer B with gravity flow. Fractions (1 ml) were collected and could be stored at -70 °C if desired. Fractions containing RNA polymerase activity from two Sephacryl S-400 columns were pooled and applied to a 1 ml Q-Sepharose (Hi-Trap, Pharmacia) column at a flow rate of 0.5 ml/min. The column was washed with buffer B containing 0"1% dodecyl fl-o-maltopyranoside (buffer C) to remove unbound protein and then with a KC1 gradient of 0 to 1 M in buffer C at a flow rate of 0-2 ml/min. Fractions (0.4 ml) were collected and, after dialysis against buffer C, assayed for RNA polymerase activity with and without the addition of RCNMV RNA. Fractions could be stored at -70 °C for 1 month without loss of activity. The RNA polymerase was made template-dependent by treatment with micrococcal nuclease (Miller & Hall, 1983) .
RNA polymerase reactions. RCNMV RNA polymerase preparation was added to buffer B containing 1 mM-ATP, 1 mM-CTP, 1 mM-GTP, 10 Is~-UTP, 5 ~tCi [0~-3~P]UTP, bentonite (4.8 mg/ml, purified as described by Hayes & Buck, 1993) and, if required, RNA template (40 pag/ml) in a total volume of 25 pl. Reaction mixtures were incubated at 30 °C for 1 h, unless otherwise stated. Incorporation of [32P]UMP into RNA was measured by a disc assay. A 200 BI volume of 10% (w/v) trichloroacetic acid, 20 mM-sodium pyrophosphate was added to 2 ~tl of each reaction mixture and the mixture was stored on ice for 15 min. The RNA precipitates were collected by filtration through Whatman GF-C discs; the discs were then washed with the same solution to remove unincorporated nucleotides and dried. Incorporated radioactivity was determined by scintillation counting. Background counts (ca. 100 c.p.m.) were subtracted. One unit of activity was defined as 1 v.mol [~P] UMP incorporated/h. RNA products were extracted from reaction mixtures and analysed by polyacrylamide gel electrophoresis as described in protocols 7 and 10 of Hayes & Buck (1993) . Double-stranded RNAs of Aspergillusfoetidus and Penicillium stoloniferum viruses (Buck, 1986) were used as markers to determine the sizes of double-stranded RNA products.
Treatment with $1 nuclease. RNA polymerase reactions were extracted with phenol. The RNA reaction products were then precipitated with ethanol and resuspended in 200 BI of S1 nuclease buffer (0-2M-NaC1, 0"05M-NaOAc, 1 mM-ZnSO 4, 0.5% glycerol, pH 4.5). S1 nuclease solution (1 lal; 200 units/ml) was added and the reaction mixture was incubated at 37 °C for 1 h. The products were isolated by extraction with phenol and ethanol precipitation and then analysed by polyacrylamide gel electrophoresis as above.
Antisera. Antisera were raised against two peptides, one corresponding to amino acids 86-99 of the RCNMV 27K protein (KLEDCLFLDTSVNE) and the other to a peptide (RASLANNG-DDCVLFCE) in the 57K portion of the RCNMV 88K protein.
Peptides were synthesized using the Merrifield (1963) method on an ABI 430A synthesizer by Nicola J. O'Reilly (Imperial Cancer Research Fund Laboratories, London, UK). Each peptide was coupled to keyhole limpet haemocyanin (KLH) using glutaraldehyde (Harlow & Lane, 1988) , emulsified with an equal volume of Freund's incomplete adjuvant or Imject alum (Pierce) and injected intramuscularly into a rabbit at 2 month intervals for 10 months. Antibodies to KLH were removed by adsorption onto Hybond C membranes (Amersham) impregnated with KLH.
To test the antisera, fusion proteins of the RCNMV 27K and 57K proteins with a maltose-binding protein were produced in E. coli. The ORFs for these proteins were amplified from RCNMV RNA by RT-PCR. The oligonucleotide primers were: TCGAAAGCTTAATC-CTCAAGGGATTTGAACCC (complementary to nucleotides 828-807 of RNA 1 with an added HindllI site at the 5' end) and GCAGGGATCCCTTTTCGTACCAGTCATGGG (corresponds to nucleotides 108-127 of RNA 1 with an added BamHl site at the 5' end) for the 27K protein, and CTGAGTCGACCCGGTTCCTGGGCTG-GGACCG (complementary to nucleotides 2480-2460 of RNA 1 with an added SalI site at the 5' end) and CCAGGAATTCGGCGGCC-CACTCAGCTTTCCG (corresponds to nucleotides 833-853 of RNA 1 with an added EcoRI site at the 5" end) for the 57K protein. The PCR products were purified by agarose gel electrophoresis and cleaved with HindIII-BamHI or SalI-EcoRI respectively and cloned into the corresponding sites of the vector pMAL-cRI (New England Biolabs), a derivative of pMAL-c (Maina et al., 1988) . E. coli DH5a F' cells containing the recombinant plasmids were grown to an ODo00 of 0.5 and expression of the fusion proteins was induced with IPTG (0'l mM). After disruption of the cells by sonication, the fusion proteins were purified by binding to an amylose resin, followed by elution with maltose (Maina et at., 1988) . The 27K and 57K proteins were cleaved from the respective fusion proteins by incubation with Factor Xa protease, according to the protocol of the supplier (New England Biolabs). After SDS-polyacrylamide gel electrophoresis and immunoblotting onto Hybond C membrane, the 27K peptide and the 57K peptide (GDD) antisera detected the 27K and 57K proteins at dilutions of 1:2000 and 1 : 1000 respectively. These proteins were not detected by the pre-immune sera.
Antibody-mediated inhibition of RNA-dependent RNA polymerase activity. Immunoglobulins were prepared from the 57K peptide antiserum on protein A agarose using the ImmunoPure gentle Ag/Ab buffer system (Pierce) according to the manufacturer's directions. The purified RCNMV RdRp (2 lal) and immunoglobulin (0'25 to 1 lag) were mixed and incubated at 0 °C for 30 min. RCNMV RNA, NTPs, polymerase reaction buffer, bentonite and [3zP]UTP, as described under RNA polymerase reactions, were added and the mixture was incubated at 30 °C for 1 h. Bovine serum albumin (2 lag) was then added; incorporation of [32P]UMP into RNA was assayed by the disc method and the products were also extracted and analysed by polyacrylamide gel electrophoresis, as described under RNA polymerase reactions.
Results

Isolation and purification of a template-bound RNA polymerase from RCNMV-infected plant material
Leaves of Nicotiana clevelandii plants 5 days inoculation with RCNMV (Australian strain) after were homogenized and a crude, membrane-bound RNA polymerase was obtained by differential centrifugation. The RNA polymerase was then solubilized by incubation with the non-ionic detergent dodecyl fl-D-maltopyranoside. At this stage of the purification procedure the RNA polymerase was bound to endogenous template and the activity was not increased significantly by addition of RCNMV RNA.
In the purification of an RNA polymerase from tobacco leaves infected with cucumber mosaic virus, it was found that conversion of the template-bound polymerase to a template-dependent polymerase by treatment with micrococcal nuclease led to instability of the enzyme to freeze-thaw cycles in subsequent purification steps (Hayes & Buck, 1990) . For the RCNMV polymerase, this problem was largely overcome by purification of the template-bound RNA polymerase which was much more stable. The solubilized polymerase was first fractionated by passage through a Sephacryl S-400 size exclusion column when the polymerase eluted in the void volume (Fig. 1) . There was no activity in equivalent fractions from healthy plants. The fractions containing polymerase activity were then adsorbed on a Q-Sepharose anion exchange column and further fractionated by elution with a 0 to 1 M-KC1 gradient. Fractions containing RNA polymerase activity eluted at about 0.7 M-KC1 (Fig. 2) . The yield of the Q-Sepharosepurified RNA polymerase was 2.5 tag protein/kg leaf material and its specific activity (32000 nmol UMP incorporated/h/mg protein) was 139000 times that of the crude, membrane-bound RNA polymerase. The Fraction no. Fig. 2 Fig. 1. Elution profile of RCNMV RNA polymerase activity from a Sephacryl S-400 size exclusion column. Solubilized polymerase preparation (4 ml), equivalent to 30 g of leaf material, was loaded onto the column and 1 ml fractions were collected. 0, RNA polymerase activity (units/ml); , relative absorbance at 280 nm. . Analysis of RCNMV RNA polymerase reaction products. RNA polymerase reactions were carried out using the following: lanes 1 and 2, fraction from healthy plants equivalent to the crude membrane-bound RNA polymerase; lanes 3 and 4, crude membranebound RNA polymerase; lane 5, solubilized RNA polymerase eluted from a Sepharose S-400 column; lane 6, RNA polymerase after further purification by Q-Sepharose column chromatography. Reaction products were isolated, subjected to polyacrylamide gel electrophoresis and detected by autoradiography. Reaction products in lanes 2 and 4 were treated with S1 nuclease, prior to electrophoresis. Fig. 4 . Analysis of the protein composition of the purified RCNMV RNA polymerase. Lane 1, Q-Sepharose-purified RNA polymerase (100 lal) was subjected to electrophoresis through an SDS-12.5 % polyacrylamide gel and the gel was silver-stained. M r values are shown on the side of the gel. Lanes 2 and 3, purified RNA polymerase (400 lal, lane 2; 600 lal, lane 3) was concentrated using Strataclean resin (Stratagene), subjected to electrophoresis as in lane 1, and blotted onto Hybond C membranes. The membranes were incubated with the 27K protein peptide antiserum (1 : 1000) (lane 2) or the anti-GDD peptide immunoglobulin (28 gg/ml) (lane 3) and proteins to which antibodies had bound were detected with the Renaissance chemiluminescence kit (Dupont).
activity of the purified RNA polymerase was not stimulated by addition of RCNMV RNA, indicating that it was still bound to endogenous template.
detected when RNA polymerase reactions were carried out with a crude membrane fraction isolated from healthy plants.
Characterization of the products of RNA polymerase activity
RNA polymerase reactions were carried out in the presence of [~-3~P]UTP using the crude membranebound polymerase and the solubilized polymerase after Sephacryl S-400 and Q-Sepharose chromatography. The reaction products were deproteinized by phenol extraction and analysed by electrophoresis through a polyacrylamide gel, followed by autoradiography (Fig.  3) . Two clear labelled RNA components were detected with all the polymerase preparations from RCNMVinfected leaf material. These RNA components were resistant to incubation with S 1 nuclease, indicating that they were double-stranded RNA (dsRNA). The sizes of these two dsRNA components, estimated by comparison with dsRNA size markers, were 3-9 kb and 1"4 kb, i.e. they corresponded to the double-stranded forms of RCNMV RNA 1 and RNA 2. These products were not
Protein composition of the purified RNA polymerase
The Q-Sepharose-purified RNA polymerase was analysed by electrophoresis through an SDS-polyacrylamide gel, followed by silver staining (Fig. 4, lane 1) . Several protein bands were detected, two of which had M r values (88 000 and 27000) corresponding to possible virus-encoded proteins. The viral nature of these two proteins was confrmed by analysis of the purified polymerase by immunoblotting. After probing with an antiserum raised to a peptide from the N-terminal half of the ORF 1-encoded protein, protein bands corresponding to M r values of 27000 and 88000 were detected (Fig.  4, lane 2) . In contrast, after probing with antibodies to a peptide containing the GDD motif located in the RCNMV ORF 2-encoded protein, only the protein band at Mr 88 000 was detected (Fig. 4, lane 3) . No bands were detected with pre-immune immunoglobulin. It is clear therefore that the protein band at Mr 27 000 detected by silver staining is the 27K protein encoded by ORF 1 of RCNMV RNA 1. Since the 88K protein reacts both with antibodies to the 27K protein N-terminal peptide and with antibodies to the GDD peptide in the 57K protein, this protein must be a 27K-57K fusion protein; it probably corresponds to the 88K protein produced by translation of RNA 1 in vitro and shown to result from a ribosomal frameshift from ORF 1 to ORF 2 just prior to the end ofORF 1 (Xiong et al., 1993; Kim & Lommel, 1994) . The origin of a minor protein, which migrated slightly slower than the 88K protein and which was detected in the immunoblot but not the silver-stained gel, is not known; it could possibly be a modified form of the 88K protein, such as a phosphorylated form. It is noteworthy that the 57K protein itself was not present in the purified RNA polymerase preparation, since no protein of this size was detected by the GDD peptide antibodies (Fig. 4, lane 3) . Although a 57K protein is produced by translation of RCNMV RNA 1 in vitro, it has been considered to be an artifact of the in vitro translation system which is prone to spurious internal initiation of translation (Xiong et al., 1993 ; Kim & Lommel, 1994; Kozak, 1992) .
The purified RNA polymerase contained several proteins detected by silver staining that did not react in immunoblots with antibodies to peptides of either the 27K or 57K protein and were therefore probably plant proteins. One of these with an M r of 45000 is similar in size to a subunit of eIF3 which was found to copurify with brome mosaic virus RdRp (Quadt et al., 1993) .
However, further work will be required to determine if this 45K protein or any of the other plant proteins are essential functional components of the RCNMV RdRp or are merely impurities which have fortuitously copurifled with it.
Production and properties of a template-specific RNA polymerase
The Q-Sepharose-purified RNA polymerase was treated with micrococcal nuclease to remove the endogenous RNA template. The activity of the resulting enzyme was totally dependent on added RCNMV RNA template. It required the presence of all four nucleoside triphosphates indicating that the activity was not a terminal transferase. Maximal activity was also dependent on Mg 2+ ions (Fig.  5) . Unlike the template-bound RNA polymerase the activity of which was only slightly affected by KC1 concentrations up to 0.6 M, the activity of the templatedependent RNA polymerase was strongly inhibited by KC1, being rendered totally inactive by KC1 concentrations of 0"4M and above (Fig. 6) . The rate of incorporation of [32p]UMP into RNA decreased between 0 and 20 min and then remained approximately linear for at least 2 h (Fig. 7) . Rates of incorporation were not increased by increasing the UTP concentration from I0 IgG (gg) Fig. 8 . Effect of antibodies to a peptide containing the GDD motif (GDD IgG) on the activity of the template-dependent RCNMV RNA polymerase. The purified RCNMV template-dependent RNA polymerase (2 ~tl) was incubated with various amounts of GDD IgG (0) or pre-immune IgG (O). RCNMV RNA was then added and RNA polymerase reactions were carried out under standard conditions (see Methods). Incorporation of [a2P]UMP into acid-insoluble RNA (2 lal out of a 25 gl reaction mixture) was determined by the disc method.
to 100 ]IM, indicating that the substrate was in excess and above the K m of the enzyme. Analysis of the products after a 1 h reaction by polyacrylamide gel electrophoresis showed that, like the template-bound enzyme (Fig. 3) , double-stranded RNAs corresponding to RCNMV RNAs 1 and 2 were produced. The activity was similar whether RNA from the Australian strain (Lommel et al., 1988; Xiong & Lommel, 1989) or the Czechoslovakian strain TpM-34 (Musil, 1969) was used as a template. The template-dependent RNA polymerase was also shown to be template-specific. Using RNAs from viruses in three different taxonomic groups, namely cucumber mosaic cucumovirus, tomato bushy stunt tombusvirus and tomato mosaic tobamovirus, as possible templates, there was very little incorporation of [a2P]UMP into acidinsoluble RNA in disc assays. Furthermore analysis of possible products by polyacrylamide gel electrophoresis and autoradiography failed to detect any RNA bands.
Inhibition of the template-dependent RNA polymerase by antibodies to a peptide containing the GDD motif
The template-dependent RNA polymerase was incubated with increasing amounts of the antibodies to the GDD peptide, used to detect the 88K protein by immunoblotting (Fig. 4, lane 3) . RCNMV RNA template and nucleoside triphosphate substrates were then added, and RNA polymerase activity was assayed by incorporation of [a~P]UMP into acid-insoluble RNA by the disc assay. The RNA polymerase activity was clearly inhibited by the GDD peptide antibodies, whereas immunoglobulin from pre-immune serum had little effect (Fig. 8) . The products from an RNA polymerase reaction in the presence of GDD antibodies (1 gg) were analysed by polyacrylamide gel electrophoresis; no RNA bands could be detected. Hence this amount of the antibodies completely inhibited the template-dependent RNA polymerase. To check that this inhibition was not due to traces of ribonuclease which may have contaminated the immunoglobulin preparation, the RCNMV RNA was incubated with the GDD peptide antibodies (1 gg) under the conditions of an RNA polymerase assay but without the polymerase. Subsequent analysis of the RNA by polyacrylamide gel electrophoresis showed that both RNA components remained intact. Hence the inhibitory action of the GDD peptide antibodies was not due to degradation of the RNA template.
For comparison, the effect of incubating the GDD peptide antibodies (1 gg) with the Q-Sepharose-purified, template-bound RNA polymerase was examined. The RNA polymerase activity was the same as that without incubation with the antibodies, i.e. the GDD peptide antibodies had no detectable effect on the activity of the template-bound RNA polymerase.
Discussion
The purification of the RCNMV RNA polymerase, after solubilization with dodew1 fl-D-maltopyranoside, as a template-bound enzyme, followed by conversion to a template-dependent enzyme only after the last stage of purification, resulted in a significant improvement in enzyme stability during purification. At each stage of the purification procedure, the RNA polymerase preparation could be frozen and thawed without significant loss of activity. We have also found that the template-bound RNA polymerase from cucumber mosaic virus-infected plants is more stable to freezing and thawing than the template-dependent enzyme and can be purified by a similar method (A. McQuillin, R. J. Hayes, A. A. Brunt & K. W. Buck, unpublished results) . Hence purification of template-bound RNA polymerases may have general applicability for a range of positive-strand RNA viruses.
The RCNMV RNA polymerase is readily distinguished from host RdRps that are induced by virus infection (Fraenkel-Conrat, 1986; Schiebel et al., 1993) .
(1) Its protein composition is different; host RdRps are single chain polypeptides of M r 120-130000. (2) It produces full-length double-stranded RNA products; host RdRps synthesize only short oligonucleotides. (3) It is template-specific; host RdRps can utilize a range of unrelated RNA templates.
The production of double-stranded RNA by the template-dependent RNA polymerase is similar to that of a purified template-dependent RNA polymerase of brome mosaic virus which was only able to synthesize the negative-strand RNA (Quadt et al., 1993) . However it differs from a cucumber mosaic virus template-dependent RNA polymerase which was able to synthesize five times as much positive-strand RNA as double-stranded RNA (Hayes & Buck, 1990 ). Although we have detected trace amounts of single-stranded RNAs in reactions of the template-dependent RCNMV RNA polymerase, these amounts were too small to characterize, unlike the situation in vivo in which a large excess of positive-strand RNA is produced. Hence the RCNMV RNA polymerase preparation either contains an inhibitor of, or lacks a factor required for, positive-strand RNA synthesis. Such a missing factor could possibly be a helicase, since replication proteins of RCNMV and viruses in related genera, for example carmoviruses and tombusviruses, lack NTP-binding sequence motifs which are typical of NTP-dependent nucleic acid helicases (Gorbalenya & Koonin, 1989; Koonin & Dolja, 1993) . The inhibition of the template-dependent RCNMV RNA polymerase by antibodies to a peptide containing the GDD motif shows that the region of the polymerase containing this motif is accessible to the antibodies. A similar finding was made with an RNA-dependent RNA polymerase of cucumber mosaic virus (CMV), the activity of which was inhibited by antibodies to a peptide containing the GDD motif of the CMV 2a protein (Hayes et al., 1994) . On the basis of conservation of this or equivalent motifs in DNA-and RNA-dependent RNA and DNA polymerases, Delarue et al. (1990) suggested that the basic structure of all these polymerases may be similar. In the three-dimensional structure of the Klenow fragment of E. coli DNA polymerase I (Ollis et al., 1985) , bacteriophage T7 RNA polymerase (Sousa et al.., 1993) and the human immunodeficiency virus type 1 reverse transcriptase (Kohlstaedt et al., 1992; JacobaMolina et al., 1993) , the nucleic acid template-primer binding region lies within a cleft formed between 'fingers', 'palm' and "thumb' subdomains of the polymerase. The counterparts of the GDD motif in these structures are located in the polymerase active site on the floor of the cleft within the palm subdomain, close to the T-OH of the primer strand. If the structure of the RCNMV RNA polymerase is similar, the inhibitory effect of antibodies that bind to the GDD region could be due to their ability to interfere with the binding of the template at the catalytically active site of the enzyme. The observation that the antibodies did not interfere with the activity of the template-bound RNA polymerase is consistent with this hypothesis.
The detection in purified RCNMV RNA polymerase preparations of a protein with an Mr of 88000 which reacts with antibodies to an N-terminal peptide of the 27K protein and to a peptide containing the GDD motif which resides in the 57K ORF (Xiong & Lommel, 1989) , and the inhibition of the template-dependent RNA polymerase by antibodies to the GDD peptide, suggests that the 88K protein is the catalytically active RNA polymerase and is produced in vivo as a 27K-57K fusion protein by ribosomal frameshifting, as previously demonstrated in vitro (Xiong et aL, 1993; Kim & Lommel, 1994) .
The putative RNA polymerases of the carmoviruses, necroviruses, tombusviruses and the barley yellow dwarf virus-PAV subgroup of the luteoviruses, which like the RCNMV polymerase are classified in the Koonin (1991) supergroup II, are expressed by translational readthrough (or in the case of the luteoviruses, frameshift) of ORF 1-encoded proteins (M r 22-33000; analogous to the RCNMV 27K protein) to produce ORF 1-ORF 2-encoded fusion proteins (M r 82-99 000; analogous to the RCNMV 88K protein) (Carrington et al., 1989; Hearne et al., 1990; Coutts et al., 1991; Brault & Miller, 1992; Kollar & Burgyan, 1994) . Mutants of turnip crinkle carmovirus (TCV) and tomato bushy stunt tombusvirus that fail to produce the readthrough proteins respectively did not replicate (Hacker et al., 1992; Scholthof et al., 1993) . Additionally, TCV and cymbidium ringspot tombusvirus mutants in which the stop codon at the end of ORF 1 was replaced by a tyrosine or methionine codon respectively, so that only the readthrough protein was predicted to be produced, did not replicate (Hacker et al., 1992; Dalmay et al., 1993) . Similarly, a mutant of RCNMV that was predicted to synthesize the 88K protein, but not the 27K protein, failed to replicate (S. A. Lommel, personal communication) . These results suggest, although do not prove, that the ORF 1-encoded proteins are involved in RNA replication. The finding that the RCNMV 27K protein is a component of the purified RNA polymerase is consistent with a function in RNA replication; it could be involved in template recognition or might play a structural role, acting as a scaffold for other replication proteins in the replication complex.
